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the velocity and width of the domain wall interms of excitation angle are obtained by 
solving the Landau-Lifshitz-Gilbert equation with adiabatic, nonadiabatic and spin 
Hall effect-spin transfer torques using Schryers and Walker’s method. Numerical 
results show that the occurance of polarity switching in the domain wall is observed 
only above the threshold current density. The presence of transverse magnetic field 
along with spin Hall effect-spin transfer torque enchances the value of the threshold 
current density, and the corresponding saturated velocity at the threshold current 
density is also increased. 
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I. INTRODUCTION 

The manipulation of a domain wall in a ferromagnetic nanostructure by magnetic field and 
current play an important role for many important technological applications including logic 
device^ and information storage^. The field induced domain wall motion can be explained 
by the reduction in Zeeman energy^, whereas the current induced domain wall motion is 
accomplished by the adiabatic and nonadiabatic spin transfer torques^. These torques 
transfer the spin angular momentum from nonequilibrium conduction electrons to local 
magnetic moments^. In general, the motion of the domain wall is in the direction of the 
applied magnetic field whereas for current it moves in the opposite direction. The regular 
motion of the domain wall is limited by the Walker breakdown limit and above the limit, 
the dynamics of the wall changes from regular to oscillatory behavior-. For the efficient 
technological applications, the velocity of the domain wall is focused and it is to be enhanced. 
The maximum velocity of the domain wall is limited by the Walker breakdown and the 
increase of this limit is attained by applying the in-plane transverse magnetic fieldr^—. The 
present authors also studied the dynamics of current and field induced transverse type Neel 
domain wall in the presence of transverse magnetic field and observed that the velocity of 
the domain wall is increased enormously^. 

Recently, a new type of spin-transfer torque due to spin-orbit coupling namely spin Hall 
effect-spin transfer torque has been identified in a bi-layer system consists of ferromagnetic 
layer and non-magnetic metal layer with strong spin-orbit coupling^ - —. When an in-plane 
current is passed through the bi-layer system, a perpendicular spin current is produced 
in the metal layer due to spin-Hall effect and it is injected into the ferromagnetic layer, 
where the injected spin current exerts the spin Hall effect-spin transfer torque on the mag¬ 
netic moments. The applications of the spin-Hall effect include storage^, magnetization 
switching^^^ and the recent works contribute the influence of spin-Hall effect in domain 
wall dynamics^^r— . The strength of the spin Hall effect-spin transfer torque is determined 
by spin-Hall angle which is the ratio between the density of the spin current injected into the 
ferromagnetic layer and the density of the current passed into the metal layer. The spin Hall 
effect-spin transfer torque affects the damping ratio in the weak pinning potential exists in 
the ferromagnetic layer and results in the reduction of threshold current density for depin- 
ning the domain wall -. Recently, Haazen et al experimentally proved that the depinning 
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efficiency of the domain wall is increased by spin Hall effect-spin transfer torque^. Seo et al 
have studied the domain wall motion in Py/Pt bilayer in the presence of spin-Hall effect^ 
and observed that there is a possibility of domain wall motion which is along the direction 
of the current and it enhances the velociy of the domain wall enormously and also obtained 
the polarity switching of the domain wall without oscillatory behavior. 

From the above motivation of increasing the velocity of domain wall, in the present paper 
the authors study the effect of transverse magnetic field on the dynamcis of the current 
induced domain wall in the presence of spin-Hall effect analytically and numerically. The 
paper is organized as follows: In Section II, the cartoon model of the domain wall and the 
governing equation of motion for the dynamics of domain wall are presented. The analytical 
expression for excitation angle, width and velocity of the domain wall are also obtained. 
Section III explores the numerical results of the domain wall dynamics which are obtained 
by solving the dynamical equation using Runge-Kutta-4 method and discusses the impact 
of transverse magnetic field on the current driven domain wall motion in the presence of 
spin Hall effect-spin transfer torque. Finally, the results are concluded in Section IV. 


II. MODEL AND DYNAMICS FOR DOMAIN WALL MOTION 

A schematic representation of a bi-layer system consists of a ferromagnetic(Py) layer with 
left and right domains which are seperated by a domain wall and a nonmagnetic(Pt) layer 
with strong spin-oribit coupling which is responsible for spin-Hall effect has been shown in 
FIG.l. When a charge current is passed through the bi-layer(Py/Pt) system, the Py layer 
generates adiabatic and nonadiabatic spin transfer torques and the Pt layer experiences spin- 
Hall effect and generates spin Hall effect-spin transfer torque. Assume that the magnetiza¬ 
tion vector M is uniform in y and z directions, 9 is the angle between magnetization vector 
and positive x-direction which represents the variation of the magnetization along x-direction 
and $ is the angle between the projection of magnetization vector in the yz-plane and pos¬ 
itive y-direction which represents the out-of-plane excitation of the magnetization along 
x-axis. H, = H y e y is the transverse magnetic held applied along the positive y-direction. 
J = Je x refers the average applied current density corresponding to the current applied 
along x-direction in bi-layer system and the current densities in ferromagnetic(Ji? = Jf&x) 
and nonmagnetic(J at = Jn&x) layers are obtained from J. The dynamics of domain wall 
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3-D view 


Domain wall 



Easy axis 


(b) 


J=Je“ 


Top view 


FIG. 1. (a) A scketch representing a bi-layer model consists of a nonmagnetic metal layer(lower) 
and a ferromagnetic layer(upper) with an easy axis along x-direction. The arrow marks indicate 
the magnetization vector M. J is an average applied current density corresponding to the current 
passed through the bi-layer system along x-direction. Jp and Jjy are the current densities of the 
current passing through the ferromagnetic and nonmagnetic layers respectively, which are obtained 
from Jp and Jn- The transverse magnetic field H y is applied along the positive y-direction. (b) 
Top-view of the bi-layer in the absence of current and transverse magnetic field. 


in the Py/Pt bi-layer nanostrip is governed by the famous Landau-Lifshitz-Gilbert equation 
with different spin transfer torques can be expressed as follows. 


<9M A/r TT 9M 

= - 7 M x H eff + — M x 


dt 


~ inr M x 

M, 


dt 

<9M 

dx 


M 2 S 
dsHd 

~m7 


M x M x 


<9M 

dx 

M x (M x e y ), 


( 1 ) 


where, 


b _ PJf 
l-lReM s ’ 

c = £b, 

d _ 7 

2eM s tp 


(2a) 

(2b) 

(2c) 


M.(= |M|), 7 and a refer the saturation magnetization, gyromagnetic ratio and Gilbert 
damping parameter respectively, b and c are the magnitudes of the adiabatic and nonadia- 
batic spin transfer torques with the nonadiabaticity parameter(^) respectively, d is magni¬ 
tude of spin transfer torque due to spin-Hall effect, 9 S h is spin-Hall angle and P is polariza¬ 
tion of spin current, /i#, e and tp are the Bohr magneton, charge of electron and thickness 
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of the ferromagnetic layer respectively. H e ff represents the effective field due to different 
magnetic contributions. In the right hand side of Eq.flT]), the first term represents the preces¬ 
sion of magnetization about the effective field which determines the precessional frequency 
and conserves the magnetic energy. The second term represents damping of magnetization, 
which dissipates energy during the precession of magnetization. The third and fourth terms 
are adiabatic and non-adiabatic spin transfer torques. In the adiabatic assumption, the po¬ 
larization of the electrons spin is parallel to the direction of the magnetization, the spatial 
variation of magnetization in domain wall excerts the torque on the conduction electrons 
passing through the domain wall and consequently the reaction torque by the conduction 
electrons is excerted on the domain wall is called adiabatic spin transfer torque. The nonadi- 
abatic spin transfer torque is the reaction torque produced by the mistracking spins between 
the conduction electron and local magnetization. The last term is the spin Hall effect-spin 
transfer torque. The effective field contribution present in the bilayer system is given by 


H 


2 A d 2 M 


eff 


Mf dx 2 


-jj-M x e x + H y e y — -^-M z e z , 


M. 


M, 


( 3 ) 


where, the first term represents the field due to exchange interaction and A is exchange in¬ 
teraction constant . Hk and Hh are the easy axis and hard axis anisotropy fields respectively 
and H y is the transverse magnetic held. 

In order to understand the dynamics of domain wall, the Eq. ([T|) has to be solved, which 
is a highly nontrivial vector nonlinear evolution equation and difficult to solve in the present 
form. Hence, Eq. (JT]) is transformed into polar coordinates(FIG.l(a)) using the following 
expressions 


M x = M s cos 9, (4a) 

M y = M s sin 9 cos <h, (4b) 

M z = Mg sin 9 sin <3>. (4c) 
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The following equations are obtained by substituting Eqs.flU) in Eq.flT]). 


39 . 3$ 

¥ + Qsm9 9F 


2 7-4 /„ „d6 di . „S 2 <* 

IT 2cos fe + sm R? 


7 Hy sin <f> 


7 39 <9$ 

—H h sin 9 sin 2 $ + b ——|- c sin 9 ——h 9snd cos 9 cos $, 
2 ox ox 


39 . 3$ 

a m- smt> rn 


2jA 

mT 


3 2 9 

—- - sm 9 cos 9 \ — 
3x z V 3x 


+ 7 H y cos <f> cos 9 


(5a) 


— — [PR + Hh sin 2 $1 sin 29 — b sin 9 ^-—K c^- + Osnd sin <f>. 
2 L J dxdx 


(5b) 


The above transformed equations describe the dynamics of current induced domain wall 
motion in a ferromagnetic nanostrip in the presence of transverse magnetic field and spin- 
Hall effect. These equations are solved to study the dynamical parameters such as excitation 
angle, velocity and width of the domain wall and the impact of transverse magnetic field 
on these dynamical parameters in the presence of spin-Hall effect. When the transverse 
magnetic field is applied along the positive y-direction, it excerts a torque on the magnetic 
moments in the strip and changes their direction towards positive y-direction. Consequently, 
the direction of magnetization in the left and right domains turns symmetrically to the new 
equilibrium direction towards positive y-direction and correspondingly the angle 9 changes 
from 0 to 9d in left domain and from n to it-dp in right domain, whereas there is no variation 
in $ and it is zero in the entire strip. The value of 9o is given by On — sin 1 (H y /Hk)—, which 
forms a constraint H y < PR. Otherwise all the magnetic moments of the strip would orient 
along positive y-direction and it leads to the disappearance of the domain wall, therefore 
H y is always taken below PR. It is assumed that the transverse magnetic field is applied to 
the static domain wall first along positive y-direction and after the magnetic moments in 
the strip come to the new equilibrium direction, current is applied along x-direction in the 
presence of transverse magnetic field. The magnetization inside the domains can be excited 
in the out-of-plane direction due to spin Hall effect-spin transfer torque and this change 
in the magnetization direction is neglected for low current densities due to the weak field 
associated with spin Hall effect-spin transfer torque. 

In order to solve the Eqs. f[5a)l and f|5bjl . the trial functions for 9 and $ are constructed 
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by Schryer and Walker’s method^ and they are written ai 




6(x, t) = 2 tan 1 
$(x,t) = <t>(t)U | 


cq + a 2 exp 

x—X(t) 

[ W(t) \ 

a 2 + cq exp 

x—X(t) 

[ w(t) \ 




Wit) J ’ 


(6) 

(7) 


where, cq = \J l + — y/l — , a 2 = \Jl + jj^+ \J 1 — , X is the position of the center 

of the domain wall, W is the width of the domain wall, and 0(= <f>(X, f)) is defined as the 
excitation angle of the domain wall. U is the step function defined as 

U = 1 when (< vr/2 and U = 0 when ( -~~ > vr/2. 

V w(t) J 1 v W(t) J 1 

The equations for the excitation angle, velocity and width of the domain wall are obtained 
by solving Eqs. (l5aj) and (l5b|) for x = X (t) using the trial fucntions Eqs.flH]) and ((TJ) [see 
Ref. 12], The obtained equations are given below 


(1 + W) 


2 # 


a^H h 


dt 


sin 2 (j) — a'yHy sin (j) + 


b{ot £ e //) H k H y 
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1 + a 2 \ Hu — H v 


dX 7 W(t) j H k + H y 
dt 
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H y sin (j) H—^ si n 20 


-b 


H k + H y ' 

1 + a£,eff \ 


1 + a 2 J ’ 


kPn 


1 + fA L 
^ H k 


H, 


h 


H, 


1 + -Tj- sin z 0 — —- cos 0 + 
Hk H k 


ajbBsH 
7 H k 


COS i 


( 8 ) 

(9) 

( 10 ) 


Where, kP 0 (= y/2A/H k M s ) is width of the domain wall in the absence of current and 
transverse magnetic field, 


ieff — £ I1 + B sh 1 

kOshJn 


I Hk + Hy 
Hk - H, 


W (t) sin 0 


Bsh = 


2£tpP Jp 


(11) 

( 12 ) 


Equations flS]), (EJ) and (ITU]) represent the rate of change of excitation angle(0), velocity(n) 
and width(kP) of the domain wall driven by current in the presence of transverse magnetic 
field along with spin-Hall effect respectively. Further, Eqs. (jUJ) and (TTU1) are depend on 0, 
hence it is essential to solve the Eq.(| 8 |) to find velocity and width of the domain wall. 


7 

































R. Arun, P. Sabareesan and M. Daniel 


III. NUMERICAL RESULTS AND DISCUSSION 

In the previous section, the analytical expression for width and velocity of the domain 
wall have been derived, but the excitation angle is not explicitly derived from Eq.flS]) becasue 
it is a nontrivial nonlinear evolution equation and very difficult to solve analytically. Hence, 
in this section Eq. (j 8 |l is numerically computed using Runge-Kutta-4 method for the initial 
condition 0(0) = 0. For numerical calculation, the geometry and the material parameters are 
given as follows: bi-layer struture made of Py and Pt with dimensions 2 micron (length), 80 
nm(width), 4 nm(thickness of Py) and 3 nm(thickness of Pt) and the material parameters' 1 ^ 
are given as M s = 8.0 x 10 5 A/m, A = 1.3 x 10 -11 J/m, P = 0.7, a = 0 . 02 , £ = 0.01, 
H k = 3.979 x 10 3 A/m for Py and 6 S h = ±0.1 for Pt. J F and Jn are computed from average 
applied current density J using the circuit model as follows^: J F = J(t F ± tjy)a F /(t F a F ± 
In^n) and Jn = J{t F ± /(t F a F ± Urcriv), where ct f ((7n ) is the conductivity of the 

ferromagnetic (nonmagnetic) layer and t/v is the thickness of the nonmagnetic layer. Let as 
consider the conductivity of both the layers are same (i.e. ap y = ap t = 6.5 (/iDm)^ 1 ) and 
it leads to J F = Jn = J. Here we discuss the numerical results of the excitation angle in 
the absence and presence of transverse magnetic held, and the effect of transverse magnetic 
held on threshold current density and saturated velocity. 

The excitation angle 0 in the absence of transverse magnetic held for different current 
densities J = ±1.0 x 10 12 A/m 2 , J = ±1.009 x 10 12 A/m 2 and J = ±1.01 x 10 12 A/m 2 
with spin-Hall angles 6sh — ±0.1 have been plotted in FIGs.2. The excitation angle starts 
from 0° and it reaches the saturated excitation angle(0 s ) at ± 3.05° and ± 5.18° for J = 
±1.00 x 10 12 A/m 2 , Osh = ±0.1 and J = ±1.009 x 10 12 A/m 2 ,0 S H = ±0.1 respectively as 
shown in FIG.2(a). The upward (J > 0 ,0sh = —0.1) or downward (J < 0 ,0sh = ±0.1) 
excitation of the domain wall can be controlled by the sign of the spin-Hall angle and 
direction of the current, because of the interaction between nonadiabatic spin Hall effect- 
spin transfer torques. For J < J = ±1.01 x 10 12 A/m 2 , the excitation angle of the domain 
wall increases with respect to time and after few nanoseconds it reaches its saturation and 
there is no switching in the polarity of the domain wall occurs, which has been shown in 
the inset hgure of Fig.2(a) by plotting normalized magnetization along y-direction at the 
centre of the domain wall (| jf -1 ) against time. If we increase the current density from 
J = ±1.009 x 10 12 A/m 2 to J = ±1.01 x 10 12 A/m 2 , the exciation angle slowly increases 
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from 0° and maintains constant value upto ~300 ns and after that there is a drastic change 
in the excitation angle from ~ 0° to ~ 180° or —180° with respect to the sign of spin-Hall 
angle and direction of the current(see FIG.2(b)). 

In this case, the polarity switching occurs and the polarity of the domain wall gets 

reversed, which can be observed by plotting the normalized magnetization along 

l Ma ) X =x 

y-direction against time(see inset figure (i) of FIG.2(b)). The |^| is initially at one 
stable state (+1) and after 300 ns it switches to another stable state (-1) when the current 
density J is increased above ±1.009 x 10 12 A/m 2 for Osh is ±0.1 respectively. Hence the value 
of the current density J for polarity switching is greater than ±1.009 x 10 12 A/m 2 which can 
be referred as the threshold current density(J p ). The polarity switching of the domain wall 
occurs only when the spin Hall effect-spin transfer torque dominates the nonadiabatic spin 
transfer torque while both torques are in the opposite directions. However, in the case of 
J < 0 or > 0 and 0 S h =-0.1 or ±0.1 respectively, the polarity switching cannot be occured 
because the directions of spin Hall effect-spin transfer torque and nonadiabatic spin transfer 
torque are act in same direction. 

As the excitation angle </> saturates to </> s with respect to time, the corresponding 
width(lF) and velocity of the domain wall(u) also saturate to W s (— IF(oo)) and v s (= v(oo)) 
respectively. The corresponding saturated velocity v s with respect to the current density 
J for 6sh = ±0.1 is shown in the inset figure (ii) of FIG.2(b). It shows that, when the 
sign of current density and spin-Hall angle are same, the direction of saturated velocity 
of the domain wall is opposite to the direction of current density, which means that the 
domain wall moves along the electron flow direction. For this case, the spin-Hall effect and 
nonadiabatic spin transfer torques act in the same direction, whereas when the sign of J 
and Osh are opposite and the current density J is increased towards the threshold current 
density, the magnitude of the saturated velocity reaches the maximum value at J = J p and 
its direction changes into the direction of current density which implies that the motion 
of domain wall is in the opposite direction of the electron flow. The saturated velocity at 
threshold current density({u s } J=Jp ) is ~ ±700 m/s for the Osh = ±0.1 respectively. Above 
the threshold current density, the magnitude of the saturated velocity is suddenly reduced 
from ±700 m/s and its direction turns back to the direction of current density due to the 
polarity switching. 

So far we discussed the behaviour of the excitation angle with respect to different current 
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FIG. 2. (a) The excitation angle 4 > with respect to time t for the differnt current densities J = 
±1.000 x 10 12 A/m 2 , ±1.009 x 10 12 A/m 2 for Osh = ±0.1 respectively. The inset figure of (a) 
shows the corresponding variation in the y-component of the normalizedf magnetization at the 
center of the domain wall { | with time, (b) The time variation of the excitation angle for 

the current density J = ±1.01 x 10 12 A/m 2 for Osh = ±0.1 and the corresponding variation of 
{iT - } (inset figure (i) of FIG.2(b)). The saturated velocity of domain wall against current 
density J for the spin-Hall angles ±0.1. in the absence of transverse magnetic field(inset figure (ii) 
of FIG.2(b)). 


densities and spin-Hall angles in the absence of transverse magnetic field. It leads to the 
polarity switching of domain wall above the threshold current density J v and the maximum 
saturated velocity ~ 700 m/s at J = J p in the absence of transverse magnetic field. Here we 
study the effect of a transverse magnetic held on current induced domain wall motion in the 
presence of spin-Hall effect in order to enhance the velocity of the domain wall. For that, first 
we study the behaviour of the saturated excitation angle by varying the transverse magnetic 
held. The saturated excitation anglc(0 s ) against the current density J for different transverse 
magnetic helds H y = 0 A/m , 1000 A/m , 2000 A/m and 3000 A/m with 0 S h = -0.1 is plotted 
in FIG.3 and in the inset hgure of FIG.3 with 9sh — 0.1. There is a slight increment in the 
magnitude of threshold current \J P \ by varying the strength of the transverse magnetic held, 
is observed from FIGs.3. The variation in J v is due to a torque created by the transverse 
magnetic held which acts in the direction of nonadiabatic spin transfer torque. This torque is 
added along with the nonadiabatic spin transfer torque and the spin Hall effect-spin transfer 
torque is dominated, hence the strength of the spin Hall effect-spin transfer torque has to be 
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FIG. 3. The variation of saturated excitation angle 4> s with respect to current density J in the 
presence of transverse magnetic fields H y = 0 A/m, 1000 A/m, 2000 A/m and 3000 A/m. for Osh = 
-0.1 and Osh = +0.1 (inset figure). 


enhanced by increasing the current density to attain the polarity switching. Therefore the 
threshold current density is slightly increased by transverse magnetic field and the values 
of the threshold current densities corresponding to the transverse magnetic fields ( 0 , 1000 , 
2000 and 3000 A/m ) are listed in Table. 1. 

In order to study the effect of transverse magnetic field on saturated velocity v s of the 
current induced domain wall in the presence of spin-Hall effect, we plot v s against J from 
-2.0 x 10 12 A/m 2 to 2.0 x 10 12 A/m 2 for H y =0 A/m, 1000 A/m , 2000 A/m, 3000 A/m and 
Osh = 0, ±0.1 in FIGs.4(a) and 4(b) respectively. In both the figures, the plots corresponding 
to H y = 0, plotted with open circle and pink color, exactly coincide with the Soo-Man Seo 
et.al results^. The results in FIGs.4 show that the saturated velocity of the domain wall gets 
maximum at the threshold current densities corresponding to H y = 0 A/m, 1000 A/m, 2000 
A/m and 3000 A/m due to spin-Hall effect and {u s }j = j p increases considerably with the 
strength of the transverse magnetic field as shown in the zoomed inset figures of FIGs.4(a) 
and 4(b). The observed value of {v s }j=j p for different transverse magnetic fields are listed 
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FIG. 4. The saturated velocity of domain wall v s with respect to current density J corresponding 
to (a) Osh =-0.1 and (b) Osh =+0.1 for the different transverse magnetic fields H y = 0 A/m, 1000 
A/m, 2000 A/m, 3000 A/m. The inset figures are the zoomed version of the corresponding plots 
in figures (a) and (b) respectively. 

in Table. 1. 



Osh = - 

0.1 

0 S H = ±0.1 

Hy 

Jp 

A 

ii 

CO 

5> 

Jp 

A 

ii 

>-a 

co 

55 

(A/m) 

(xlO 12 A/m 2 ) 

(m/s) 

(xlO 12 A/m 2 ) 

(m/s) 

0 

1.009496 

699.05 

-1.009496 

-699.05 

1000 

1.017223 

830.65 

-1.017223 

-830.65 

2000 

1.026012 

1056.64 

-1.026012 

-1056.64 

3000 

1.036829 

1586.72 

-1.036829 

-1586.72 


TABLE I. The threshold current density J p and the saturated velocity at threshold current density 
{v s }j = j p corresponding to the transverse magnetic fields H y = 0 A/m, 1000 A/m, 2000 A/m and 
3000 A/m for the spin-Hall angles Osh = -0.1 and +0.1. 

The threshold current density J p and the saturated velocity at threshold current density 
{n s }j = j p are plotted respectively in FIG.5(a) and 5(b) with respect to transverse magnetic 
field for Osh = ±0.1. Figure 5(a) shows that the threshold current density is slightly 
increased from 1.009 A/m to 1.037 A/m by varying the transverse magnetic field from 0 
A/m to 3000 A/m respectively. Because of the increase in threshold current density, { v s }j=j p 
is also increased (see Fig.5(b)). This can be verified analytically from Eq. (l2c|l as the strength 
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of the spin Hall effect-spin transfer torqne is directly proportional to the current density J, 
which implies that the threshold current density is increased and the corresponding strength 
of the spin Hall effect-spin transfer torque is also increased. Hence the saturated velocity of 
the domain wall at the threshold current density is increased. 




FIG. 5. (a) The threshold current density J p and (b) saturated velocity at the threshold current 
density {v s }j=j p with respect to the transverse magnetic field H y corresponding to the spin-Hall 
angles ±0.1. 


IV. CONCLUSIONS 

In the present paper, the authors study the current driven domain wall dynamics in a 
Py/Pt bi-layer structure in the presence of spin-Hall effect along with transverse magnetic 
held. The dynamics is governed by Landau-Lifshitz-Gilbert equation with adiabatic, nona- 
diabatic spin transfer torques and spin Hall effect-spin transfer torque, which was solved 
by Schryer and Walker’s method. From the results, the analytical expression for the ve¬ 
locity and width of the domain wall are expressed in terms of the excitation angle. The 
numerical results show that the polarity switching of the domain wall occurs only when 
the current density is above the threshold, which is confirmed by the increase of saturated 
excitation angle from ~0° to ~ ±180° corresponding to the spin-Hall angles ±0.1. The 
effect of the transverse magnetic held shows that the threshold current density increases 
from 1.009 A/m 2 (- 1.009 A/m 2 ) to 1.037 A/m 2 {- 1.037 A/m 2 ) when the transverse magnetic 
held is increased from 0 A/m to 3000 A/m corresponding to the spin-Hall angle -0.1(±0.1). 
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Consequently, the corresponding saturated velocity at the threshold current density also 
enhances from 699.05 m/s(-699.05 m/s) to 1586.72 m/s(-1586.72 m/s ) due to the increase 
in transverse magnetic held from 0 A/m to 3000 A/m corresponding to the spin-ffall angle 
- 0 . 1 (+ 0 . 1 ). 

In conclusion, the polarity switching of the domain wall occurs only above the thresh¬ 
old current density, the increase in transverse magnetic held increases the threshold current 
density and the corresponding saturated velocity at the threshold current density is also 
increased. From the above results, we observed that the in-plane transverse magnetic held 
plays an important role in increasing the velocity of the current induced domain wall dy¬ 
namics in the bi-layer structure with the spin-Hall effect and it may be useful in developing 
high performance applications using domain wall motion. 
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